Externally triggerable drug delivery systems provide a strategy for the delivery of therapeutic agents preferentially to a target site, presenting the ability to enhance therapeutic efficacy while reducing side effects. Light is a versatile and easily tuned external stimulus that can provide spatiotemporal control. Here we will review the use of nanoparticles in which light triggers drug release or induces particle binding to tissues (phototargeting).
Introduction
The efficacy and toxicity of drugs depend not only on their potency and other pharmacodynamic parameters but also on their ability to get to their target sites in preference to non-target tissues, i.e. pharmacokinetics. With conventional systemic drug administration methods, it is difficult to control the distribution of therapeutic agents. Consequently, drugs commonly have side effects. Conventional methods also are poorly suited to maintaining effective drug concentrations at target sites over extended periods, which necessitates multiple administrations [1] .
Nanoparticles offer many advantages as therapeutic carriers, including the potential to increase drug circulation time, enhance drug solubility, deliver preferentially to target sites, and decrease side effects [2] [3] [4] . Nanoencapsulation allows drugs with poor solubility in blood to be delivered through the bloodstream [5] and protects their therapeutic payloads from the environment [6] . Nanoparticles with sizes between ~30 nm and 200 nm accumulate preferentially in tissues with relatively leaky vasculatures, such as in tumors, an effect known as enhanced permeation and retention (EPR) [7] . This can lead to an enhancement of therapeutic effect. Preferential targeting of tissues using nanoparticles can be enhanced by "active targeting", i.e. by attachment of ligands which target the tissue of interest, by application of an external energy source, or other means. To date, over two dozen nanomedicine products have been approved for clinical use, and more are currently in clinical trials [8] . However, commercially available nanomedicines provide, at best, passive drug targeting or release. Their drug release profiles tend to be fixed, irrespective of changing patient needs and/or physiological conditions. Better spatial and temporal control would enhance efficacy (drug release at the desired site), and minimize toxicity by reducing drug release at off-target sites. Moreover, such control would allow release kinetics to be adjusted by the patient or by healthcare providers to match changing needs.
Externally triggerable drug delivery vehicles have been developed to address these considerations [9, 10] . A wide range of energy sources can be used as triggering agents, such as ultrasound [11] , magnetic fields [12] , and light [13] . Light itself already has therapeutic uses. For example, photodynamic therapy (PDT) utilizes light to generate cytotoxic agents (reactive oxygen species) that can eliminate the neovasculature in angiogenesis [14] , and is used to treat age-related macular degeneration (AMD) and cancers. Photocoagulation uses light to heat tissues and coagulate leaking blood vessels for the treatment of ocular diseases such as diabetic retinopathy [15] . Light has gained much interest as an external stimulus for drug targeting and release because of its clinical relevance and excellent spatiotemporal controllability.
While light has been used to trigger drug delivery devices of a wide range of sizes [13, [16] [17] [18] [19] [20] , this article will focus on developments in nanoparticulate photoresponsive drug delivery systems, including phototriggered targeting of and drug release from nanoparticles. We will first discuss some considerations relevant to the clinical application of light, including its ability to penetrate tissues and the resulting toxicities. We will familiarize readers with basic principles of photoresponsive mechanisms, and then provide examples of photoresponsive nanoparticles in which they have been employed. We will conclude with an analysis of the opportunities and challenges in the field of photoresponsive nanoparticles for drug delivery.
Clinical considerations of light
The effectiveness of light-triggerable drug delivery systems depends on the properties of the vehicle and the drug, as well as of the properties of the external light (wavelength and power) used, which will affect the depth to which the light will penetrate and the resulting tissue toxicity.
Light penetration
Light interacts with tissues through two major pathways: scattering and absorption. Scattering of a photon occurs because of fluctuations in a tissue's refractive index, resulting in a change of propagation direction [21] . Absorption occurs when the energy of the irradiating photon matches the energy difference between a molecule's ground state and excited states [22] . Scattering and absorption attenuate the irradiance (i.e., surface power density) of the propagated light exponentially with distance [22] . The theory governing tissue penetration by light is reviewed in detail elsewhere [23, 24] . A rule of thumb is that the penetration depth of light is inversely proportional to the attenuation coefficient, which is a positive function of the absorption coefficient and the scattering coefficient, both dependent on irradiation wavelength and the type of tissue [25] [26] [27] .
The major tissue chromophores, including hemoglobin, myoglobin and melanin, have strong absorption in the UV and visible light range, resulting in low penetration depth of light of those wavelengths [21, 22, 24, 28] . Tissue penetration is also poor at > 900 nm, due to light absorption by water [26] . An absorption minimum is observed at NIR wavelengths (650 nm -900 nm), also known as the NIR window ( Figure 1 ) [29] . Consequently, there is relatively high transmittance of NIR light in tissue [30] . In the NIR window, light can penetrate as deeply as the centimeter scale. The penetration depth of visible light is much shorter and decreases as the wavelength decreases to the UV range [22, 23] . The relatively deep penetration of NIR light makes it a desirable tool for the activation of drug delivery vehicles in living systems.
Phototoxicity
Phototoxicity to tissues depends on the energy of photons (wavelength) and the irradiance employed. The energy of light is governed by the Planck-Einstein relation:
where: There is an inverse relationship between photon energy and the wavelength of light, which is why photons of shorter wavelengths have sufficient energy to break covalent bonds but those with longer wavelengths often do not.
As light propagates through tissues, the absorbed optical energy excites tissue chromophores, which eventually relax to their ground state by re-emitting another photon (fluorescence or phosphorescence), driving a chemical reaction (photochemical reaction), or converting the energy to heat (photothermal effect) [22] . Phototoxicity can be induced by the latter two processes [22] .
Photosensitization is an example of a photochemical reaction: light-absorbing chromophores can generate free radicals when excited, resulting in protein denaturation [31, 32] , DNA breakage [33] , or lipid peroxidation [15] , which destabilizes the cells and results in cell death. Photomechanical damage is a photochemical effect that occurs when an ultrafast high-energy pulsed laser is utilized [21] . The focused laser pulses generate an electric field sufficient to ionize the irradiated tissue, producing an expanding plasma (an ionized volume with high density of free electrons) that causes a sudden increase in temperature and pressure, generating shockwaves that mechanically disrupt the tissue and forming vapor microbubbles [22, 34] . Such mechanical stress can cause cell death [35, 36] .
Photothermal toxicity occurs when the rate of energy delivery exceeds the rate of energy dissipation in tissues [15] . Increasing temperature induces cytotoxic effects by protein denaturation and/or by an increase in cell membrane lipid fluidity. Cells undergo apoptosis at temperatures greater than ~57°C -59 °C; necrosis occurs at temperatures above 60 °C; and cells die immediately from heat fixation as temperatures exceed 72 °C [37] .
It is important to differentiate between bulk heating of tissues by irradiation and the heating of nanoparticles within that tissue by, for example, the plasmonic photothermal effect (see below). The temperature required to trigger an effect on the surface of the nanoparticles does not necessarily become the temperature throughout the surrounding tissues, i.e. drug delivery can be triggered within tissues by the photothermal effect without resulting in thermal injury to tissues [13] .
The American National Standards Institute (ANSI) has guidelines for the maximum permissible exposure (MPE) to lasers and light-emitting diodes (LEDs), based on ocular irradiation [38, 39] . The maximal power flux allowed differs for each wavelength. In general, phototoxicity is lower at the longer wavelengths of visible light and in the NIR window wavelengths, where tissue absorption is relatively low [40] . The MPE is also dependent on irradiation time; the longer the duration of irradiation the lower the MPE allowed. For example, with light exposures shorter than 1 s, the MPE of 700 nm noncollimated lasers (such as laser arrays or multiple diode lasers) is 10 W/cm 2 • steradian (sr), but with exposures of 10 min, the MPE drops to 0.4 W/cm 2 •sr [38] . For ultrafast-pulsed lasers, the MPE is dependent on additional factors such as pulse duration and pulse interval. It is therefore important that the details (irradiance, wavelength, duration, etc.) be clearly presented in scientific publications. In general, UV light has a higher energy per photon and higher tissue absorbance, thus a lower MPE. NIR has lower energy per photon and lower tissue absorbance, thus a higher MPE.
Mechanisms of photoresponsiveness
Mechanisms used for phototriggered drug delivery have in common that materials absorb electromagnetic radiation and convert it to various forms of energy (Figure 2a ) [41] [42] [43] . The photoresponsiveness of a particle is dependent on its absorption cross section (a measure of the probability of photon absorbance by each particle) and quantum yield (number of events per absorbed photon by each particle, where "events" can be chemical reactions or photons released) [44] . The product of the absorption cross section and quantum yield determines the efficiency of this energy conversion process.
Direct action of UV/visible light
A single UV/visible photon possesses sufficient energy to achieve photochemical reactions that have been widely used as the basis for photoresponsive nanoparticles (Figure 2b ). For example, such light can make photochromic groups (i.e. groups that can transit reversibly between two structures when irradiated) such as azobenzenes and spiropyran transform reversibly between their isomers (photoisomerization), resulting in a change in polarity and hydrophobicity that can lead to the organization or disassembly of nanoparticles [41, 45] . UV/visible light can also irreversibly cleave chemical groups (called photocleavable/ photoremovable/photolabile groups) such as o-nitrobenzyl-and coumarin-based groups. The chemistry of photocleavable groups has been reviewed in detail [44, 46, 47] . Photocleavage reactions are often used to affect factors that maintain particle integrity, such as the hydrophilic-hydrophobic balance and the stability of polymer building blocks, to cleave linkages between drug molecules and nanoparticles, or to remove moieties that prevent particle binding ("caging" groups) [41, 42, 48] . Light can induce rearrangement reactions as well. The hydrophobic 2-diazo-1,2-naphthoquinone (DNQ) group can undergo a UVinduced Wolff rearrangement to form a hydrophilic 3-indenecarboxylic acid group [49] . This hydrophobicity change has been used to disrupt nanoparticles containing DNQ [48, 50] . In addition, light can cause inter-molecular crosslinking (photocrosslinking), such as the [2 + 2] photocycloaddition of coumarin groups, to induce shrinking of nanostructures or disruption of the uniform packaging of building blocks, causing drug release [42, 50, 51] .
Conversion of NIR light to UV/visible light
Photochemical reactions require high-energy light, limiting them to the UV/visible wavelengths, which penetrate tissues poorly and may induce tissue injury. While NIR light has many desirable properties, its energy is often too low to cause photoresponsive chemical reactions. Recently, efforts to combine the tissue penetration seen with NIR with the ability to achieve chemical reactions of lower wavelengths have employed strategies to upconvert photon energy from the NIR wavelengths to UV/visible wavelengths. One of these strategies is the two-photon absorption process, where photosensitive groups, such as o-nitrobenzyland coumarin-derivatives, simultaneously absorb two photons of NIR light to achieve a chemical reaction as if absorbing one photon of UV/visible light [44, 52] . The probability of excitation by two-photon absorption is generally low and proportional to the square of the intensity of the incident light [53] , resulting in a need for pulsed lasers with high power densities. Such lasers have a very small field of use (millimeters), limiting their clinical application. Another way to achieve the upconversion of light is to use upconverting nanoparticles (usually lanthanide-based nanomaterials) to convert NIR light to UV/visible light [54] [55] [56] . Upconverting nanoparticles can be used with continuous wave (CW) lasers which have relatively low power densities. Upconverting nanoparticles are relatively resistant to photobleaching and photoblinking [53] .
Photosensitization-induced oxidation
Strong oxidizing agents, such as singlet oxygen, can be generated inside drug delivery vehicles by irradiating incorporated photosensitizers with an appropriate wavelength of light. The generated oxidizing agents can be used to induce further chemical changes in the drug delivery system. For example, photosensitized singlet oxygen can disrupt liposomes by oxidizing lipids [42] .
Plasmonic effect
Noble metal nanoparticles can be irradiated at certain wavelengths so that their free metal electrons collectively oscillate in-phase with the electric field of the incident light, a phenomenon known as surface plasmon resonance (SPR). Hence, such particles are often termed plasmonic nanoparticles. The wavelength at which SPR occurs is highly dependent on the particle geometry, as explained by Mie theory and later generalized by Gans for anisotropic nanostuctures [57, 58] .
Plasmonic nanoparticles can efficiently convert photon energy into heat by SPR (photothermal effect), allowing the disruption of non-covalent interactions, e.g., dehybridization of nucleic acids, and collapse of thermoresponsive polymers. When plasmonic nanoparticles are irradiated with high energy ultrafast pulsed lasers, transient cavitation of vapor microbubbles are commonly induced due to the high temperature gradient between the nanoparticles and the surrounding medium [59, 60] . Apart from photothermal conversion, gold nanoparticles have been shown to induce photochemical reactions, presumably because light stimulates electrons of the nanoparticles to initiate goldthiol bond disassociation and release of covalently attached drugs [61] .
Drug release from photoresponsive nanoparticles
Many types of nanoparticles have been used for drug delivery ( Figure 3 ). Inorganic particles such as plasmonic and upconverting nanoparticles can deliver drugs that are covalently bound to their surfaces. Mesoporous silica nanoparticles encapsulate drugs within their porous structures. Organic vesicles such as liposomes and polymersomes are formed by selfassembly and have a hydrophilic core and hydrophobic bilayer, enabling them to deliver both hydrophobic and hydrophilic drugs. Polymeric micelles and solid organic nanoparticles predominantly deliver hydrophobic drugs within their hydrophobic cores, though covalently bound hydrophilic drugs can also be delivered. Nanogels are crosslinked structures of hydrophilic polymers that can physically entrap drugs (based on properties such as charge and size) or have them covalently attached to the polymers of which the gels are made. We will provide illustrative examples of several particle types and the ways in which they have been used with light. To the extent that is possible from the descriptions provided in the literature, we have specified the irradiation conditions (i.e. wavelength, power or irradiance, duration) that have been used.
Plasmonic nanoparticles
Plasmonic nanoparticles are relatively easy to make with defined geometries, which affect the wavelengths at which phototriggered effects are produced. Chemical functionalization is also straightforward, allowing the attachment of polymers, drugs, etc. The clinical relevance of plasmonic nanoparticles has grown as drug delivery systems based on the fact that gold nanoparticles have moved into clinical trials [62] [63] [64] . However, the phototriggerability of these drug delivery systems has not yet been applied in clinical settings.
The photothermal effect has been widely used to disrupt non-covalent interactions between drug and particle, resulting in the release of drug cargo [13, 65, 66] . For example, the photothermal effect can be used to trigger drug release by affecting the hydrophilic-hydrophobic balance of thermally responsive polymers associated with plasmonic nanoparticles. Most of these polymers undergo a volume phase transition at their lower critical solution temperature (LCST), below which the polymers are miscible in aqueous solutions, but above the LCST they become insoluble [67] . When thermo-responsive polymers are incorporated into nanoparticle systems, a temperature increase above LCST renders the polymers hydrophobic and induces the polymers to collapse, triggering the release of encapsulated drugs. One example of such a system is gold nanocages [65] that were covalently functionalized with a thermo-responsive polymer, poly(Nisopropylacrylamide-co-acrylicamide) (pNIPAAm-co-pAAm), with a LCST of 39 °C (Figure 4 ). At body temperature (37 °C), the polymers were in an extended conformation that sealed the pores in the nanocages, preventing dye release. At temperatures above LCST the polymers collapsed, allowing dyes to be released through the pores. When nanocages loaded with the chemotherapeutic drug doxorubicin were incubated with cancer cells, irradiation at NIR wavelengths (730 nm -820 nm, 20 mW/cm 2 ) for 2 min resulted in > 30% loss in cell viability.
The photothermal effect has also been used to release oligonucleic acids from plasmonic nanoparticles via thermal dehybridization [68] [69] [70] . Single-stranded DNA (ssDNA) was bound to complementary DNA sequences immobilized on gold nanoparticles [68] . Upon irradiation, particle heating by the photothermal effect led to the release of ssDNA. Irradiation (at 800 nm, at 2.5 W/cm 2 for 2 min) of those nanoparticles loaded with GFP antisense ssDNA caused a 47% downregulation of GFP expression in human lung cancer cells [69] . Irradiation-induced release of other molecules selectively bound to DNA was also demonstrated [70] .
Irradiation of plasmonic particles can release drugs by mechanisms other than the SPR photothermal effect. Drugs were released upon irradiation by disrupting covalent gold-thiol bonds that attached them to the surface of gold nanoparticles [58] . In addition, irradiation of plasmonic nanoparticles can cause photoacoustic effects, leading to the formation of vapor microbubbles [59, 60] . These microbubbles disrupt lipid membranes in liposomes, which can trigger drug release, and in endosomes, which can enhance endosomal escape [59, [71] [72] [73] . As an example, siRNA was conjugated to hollow gold nanoshells with covalent Au-S bonds [60, 73] . Endosomal escape and detachment of siRNA were both observed after irradiation with a femtosecond pulsed laser; the endosomal escape was attributed to membrane disruption by cavitation, and the release of siRNA to the breaking of Au-S bonds. Human epithelial prostate cancer cells (PPC-1) exposed to gold nanoshells carrying siRNA targeting the polo-like kinase (PLK1), a kinase expressed in prostate cancer cells [60] , showed a 60-70% decrease in PLK1 expression upon irradiation (800 nm, 2.4 W/cm 2 , 10 s).
Liposomes
Liposomes are micro-to nano-scale vesicles that have an aqueous core encapsulated within lipid bilayers [74] . Hydrophilic drugs can be encapsulated in the aqueous core, and hydrophobic compounds can be loaded into the lipid bilayer. Many liposomal formulations have been FDA-approved and more are currently undergoing clinical trials [75, 76] . Light has been used in the clinical setting to activate photosensitizers contained within liposomes, e.g. for localized photodynamic therapy [77] . Drug release from liposomes can be triggered by a variety of photoresponsive mechanisms, including use of photosensitizers [78] [79] [80] , photoisomerization [81] [82] [83] , photopolymerization [84, 85] , photothermal effects [59, [86] [87] [88] and others.
Drugs encapsulated in thermosensitive liposomes can be released by the photothermal effect of associated plasmonic nanoparticles. At physiological temperature, the liposome is stable and does not release cargo. As temperature increases above its phase transition temperature, melting of lipids occurs, and the fluidity of the lipid bilayer increases so as to release the encapsulated cargo. For example, gold nanoparticles were deposited by the reduction of gold ions onto the surface of liposomes that contained dipalmitoylphosphatidylcholine (DPPC). DPPC has a phase transition temperature of 41 °C, and the liposomes released encapsulated drugs when the gold nanoparticles were heated above this phase transition temperature by NIR light irradiation at 760 nm ( Figure 5 ) [88] . Activation of a G-protein-coupled receptor (GPCR) pathway was achieved in human embryonic kidney cells by triggering release of a ligand that binds to the GPCR from such liposomes, by irradiating at 760 nm (10 mW) for 2 min.
Encapsulated photosensitizers have also been used for phototriggered drug release from liposomes [79, 80] . Irradiation at specific wavelengths (which depend on the photosensitizer) produces singlet oxygen, which can oxidize lipids containing unsaturated fatty acids in the liposomes, resulting in increased lipid bilayer permeability and release of cargo. Photoresponsive liposomes have also been made by covalently linking photosensitizers to phospholipids [89] , which enhanced retention of the photosensitizer, and hence more stable photoresponsiveness.
Polymeric micelles
Polymeric micelles are typically composed of amphiphilic block copolymers which selfassemble by hydrophobic interactions in aqueous solution so that the hydrophobic blocks form the core and hydrophilic chains form the shell. The hydrophobic core provides a reservoir to store hydrophobic therapeutic molecules [90] . The disruption of polymeric micelles by irradiation has been studied in the last decade [43, 50] . Typically, photoresponsive amphiphilic copolymers bear photocleavable groups in the hydrophobic block, cleavage of which renders the hydrophobic block hydrophilic. As a result, the micelles dissociate, releasing encapsulated molecules. This dissociation process can be rendered reversible by the use of photoswitchable groups, such as azobenzene, spiropyran, and dithienylethene [43, 48] .
In early examples of light-dissociable polymeric micelles, block copolymers consisted of one hydrophilic poly(ethylene glycol) (PEG) block and one hydrophobic poly(methacrylate) (PMA) block with side chains bearing photocleavable groups, such as pyrenylmethyl [91] , o-nitrobenzyl [92] and [7-(diethylamino) coumarin-4-yl]methyl (DEACM) [93] chromophores. The block copolymers self-assembled in aqueous solution to form a coreshell structure, where PEG formed the shell and PMA the core. The PMA core could encapsulate hydrophobic molecules. Upon UV irradiation, the chromophores were removed from the hydrophobic PMA chains, generating hydrophilic poly(methacrylic acid) (PMAA).
The resulting disruption of micellar hydrophobic-hydrophilic balance led to the disassociation of the micelles and the release of the encapsulated compounds. This strategy was used for phototriggered release of doxorubicin [94] . In another example of micellar hydrophobic-hydrophilic disruption, photocleavable groups were incorporated within the main chains of hydrophobic blocks so that irradiation degraded the polymer blocks forming the micellar core, releasing drug molecules loaded therein [95, 96] . A hydrophobichydrophilic disruption mechanism was also used to release guest molecules from dendritic amphiphile-based micelles [97] .
Drug release can also be rendered light-triggerable by conjugating the drug to the micelle with a photocleavable group. For example, the chemotherapeutic drug camptothecin was covalently linked to the hydrophobic chain in a micelle by a photolabile o-nitrobenzyl derivative. Upon irradiation with an UV lamp (365 nm, 15 min), drug was released and the toxicity of the irradiated drug-linked particles against human lung adenocarcinoma A549 cells was enhanced 9.7-fold [98] .
Hydrophilic agents can be incorporated into photoresponsive polymeric micelles. For example, an amphiphilic copolymer with an o-nitrobenzyl moiety on the junction between a long hydrophobic tail and a cationic head was synthesized which could self-assemble into nanoparticles with a hydrophobic core and cationic shell [99] . siRNA was loaded onto the cationic shell by electrostatic interaction. Irradiation with UV light cleaved the o-nitrobenzyl linker and separated the hydrophilic shell from the core, releasing the siRNA. UVirradiation (maximum wavelength at 365 nm, 10 mW/cm 2 , 5 min) of the nanoparticles enhanced the gene silencing effect of the complexes in human breast cancer cells (MDA-MB-231) by 50%.
Efforts to trigger particles with longer wavelengths of light have led to the use of coumarin-4-ylmethyl derivatives, which absorb visible light [47] . A chitosan-based nanoparticle was designed for phototriggered release of anticancer drugs under the hypoxic conditions prevailing in tumors ( Figure 6 ) [100] . An electron acceptor, nitroimidazole, was covalently linked to a coumarin-based moiety, which connected the drugs to the chitosan molecules. In normal tissues, photocleavage of the coumarin group (leading to drug release) was prevented by photoinduced electron transfer (PET), whereby photoexcited electrons were transferred from the coumarin group to the nitroimidazole electron acceptor. Only in anaerobic conditions would the reduction of nitroimidazole allow photocleavage of the coumarin group, releasing the coumarin-linked anticancer drug etoposide. The nanoparticles' cytotoxicity was greatly increased in hypoxic conditions when exposed to visible light (λ > 400 nm, 120 mW/cm 2 , 20 min).
Spiropyran photoisomerization was used as the basis of a photoshrinkable nanoparticle (Figure 7 ) [101, 102] . Nanoparticles were formed by self-assembly of alkyl derivatives of the chromophore spiropyran, hydrophobic drugs, and lipid-PEG chains. Upon UV light irradiation (365 nm, 1 W/cm 2 , 10 s), hydrophobic spiropyran underwent isomerization to zwitterionic merocyanine, which induced nanoparticle shrinkage from 150 nm to 40 nm and triggered drug release. Irradiated particles were able to penetrate deeper into the cornea ex vivo, and into mouse tumors in vivo, enhancing chemotherapeutic efficacy. This alkyl-spiropyran based nanoparticle did not dissociate upon irradiation, due to the hydrophobicity of the alkyl chains. Photoisomerization did result in micelle dissociation when the spiropyran was linked to a hydrophilic block copolymer, due to the recovery of the polymer's hydrophilicity [103] .
Two-photon absorption of NIR light has been utilized to achieve the same chemical reaction as by one-photon UV/visible light, but with deeper tissue penetration, e.g., to disrupt polymeric micelles bearing photosensitive groups such as DNQ [49] , o-nitrobenzyl [91, 104] and DEACM [93] groups. This approach has been used to release doxorubicin [105] [106] [107] , rifampicin and paclitaxel [108] from micelles. For example, doxorubicin-loaded polymeric micelles were made with DNQ-conjugated linear-dendritic amphiphiles [107] . The hydrophobic DNQ could be transformed to hydrophilic 3-indenecarboxylic acid by NIR irradiation (808 nm, 500 Hz, pulse duration: <2 ms, 500 mW; 30 min) via a two-photon absorption process. The resulting hydrophobicity change of the DNQ groups disrupted the micelles and released the encapsulated doxorubicin. Cytotoxicity against human cervical cancer HeLa cells was significantly enhanced by two-photon irradiation.
Polymersomes
Polymersomes are polymeric vesicles composed of amphiphilic block copolymers that selfassemble forming a bilayer shell around an aqueous core [109] . The inner core of polymersomes can encapsulate hydrophilic molecules and the bilayer membrane can integrate hydrophobic compounds. Polymersomes can be made to release drugs in response to stimuli [110] , and can be made photoresponsive by using amphiphilic copolymers with suitable photosensitive groups, such as azobenzene [111] and o-nitrobenzyl groups [112, 113] . For example, polymersomes have been made from photocleavable amphiphilic block copolymers, such as poly(methyl caprolactone)-o-nitrobenzyl-poly(acrylic acid) (PMCL-ONB-PAA) [114] (the nitrobenzyl moiety makes it photocleavable). UV light irradiation cleaved the diblock copolymer, separating the shell PAA chains from the hydrophobic PMCL layer. The resulting destabilization of the PMCL core caused the release of 61% of encapsulated protein after 5 min of UV irradiation (365 nm, 200 mW/cm 2 ). Recently, two anticancer drugs, hydrophilic doxorubicin (DOX·HCl) and hydrophobic camptothecin, have been encapsulated in photoresponsive polymersomes and could be released upon UV light irradiation due to an increase in membrane permeability or degradation of the bilayer membrane [115, 116] .
Polymersomes can also be triggered by irradiating encapsulated photosensitizers. For example, polyion complex vesicles were formed by oppositely charged poly(ethylene glycol)-poly(aspartic acid) and poly([5-amino-penyl]-αβ-aspartamide) polymer chains [117] . An amphiphilic photosensitizer, AIPcS2a, was loaded in the inner aqueous phase. The release of AIPcS2a was prevented by cross-linking the polymer chains forming the vesicle membranes. Upon NIR light irradiation (680 nm), reactive oxygen species (ROS) were generated by AIPcS2a and disrupted the integrity of the particle membranes, inducing the release of AIPcS2a. In cancer cell culture, the ROS damaged endo/lysosomal membranes, further releasing AlPcS2a to the cytoplasm and enhancing photocytoxicity. The strategy of using a photosensitizer to enhance drug escape from endo/lysosomes is known as photochemical internalization (PCI) [118] [119] [120] [121] .
Nanogels
Nanogels are cross-linked networks made of hydrophilic or amphiphilic polymers. Their hydrophilic properties enable them to deliver a wide range of hydrophilic drugs and proteins [122] . Nanogels have been made photoresponsive. For example, dextran nanogels were formed by using the physical crosslinks between the polymers' phydrophobic azobenzene side chains [123] . Irradiation with UV light (365 nm, 10 mW/cm 2 , 2.5 min) induced trans to cis isomerization of the azobenzenes, which changed their polarity. These changes weakened the hydrophobic interaction between azobenzenes, releasing the encapsulated drugs. In addition, nanogels with photocleavable crosslinks released encapsulated proteins upon irradiation with UV light at 365 nm [124] .
Encapsulating plasmonic nanoparticles into drug-loaded thermo-responsive nanogels can perform both photothermal therapy and triggered drug release [125] . A core-shell nanogel was designed so that the thermo-responsive PEG-based shell would shrink when heated by the Au-Ag plasmonic core. When irradiated by NIR light (1.5 W/cm 2 , 5 min), those nanogels loaded with the anticancer drug temozolomide were able to kill mouse melanoma cells, presumably by a combination of photothermal (direct heating of cells) and chemotherapeutic effects.
Solid organic nanoparticles
Solid organic particles are primarily composed of hydrophobic compounds and have been rendered photoresponsive by a variety of mechanisms [126, 127] , including photothermal effects [128] , photocrosslinking [129, 130] , and photocleavage [131, 132] . These processes induce a change of particle size, polarity, or porosity to drive the release of encapsulated drugs.
Polymeric nanoparticles can increase in size and release drugs when irradiated. Nanoparticles made of cross-linked polymethacrylates with positively charged amine side chains were caged (rendered non-cationic) by photolabile hydrophobic groups [133] . Upon irradiation with UV light (365 nm, 11 mW/cm 2 , 15 min), the side chains were uncaged to expose the cationic amines, inducing a >300-fold increase in nanoparticle volume, causing concomitant drug (curcumin) release, resulting in increased cytotoxicity in HeLa cells.
Introduction of photolabile groups into the polymer backbone can lead to its cleavage into small fragments, resulting in the release of encapsulated compounds [132, 134] . For example, nanoparticles were made of a polyurethane with photolabile 2-nitrophenylethylene glycol moieties in the polymer backbone (Figure 8 ) [134] . Upon irradiation with UV light (365 nm, 11 mW/cm 2 , 2 min) an encapsulated dye was released. Particles loaded with a model drug (Tagalsin G, a steroid from marine sources) caused 67% cell death in culture when irradiated (365 nm, 11 mW/cm 2 , 10 min), while cell death was only 9% without irradiation.
Mesoporous silica nanoparticles
Mesoporous silica nanoparticles (MSNPs) possess desirable properties for drug delivery, such as large pore volume, tunable pore size and versatile silane chemistry for surface functionalization [135] [136] [137] . The encapsulation and release of therapeutic agents can be regulated by the "gatekeeper" strategy [138] [139] [140] , in which gate-like chemical entities can be constructed on the pore outlets, blocking the pores and preventing drug release. These gates can be opened by external stimuli, including light. An example of such a photoregulated gate is seen in coumarin derivatives covalently linked on the pore outlets of MSNPs [141, 142] , so that irradiation with >310 nm UV light induced their dimerization, which closed the pores. The gates could be opened by irradiation at 250 nm that separated the dimers, releasing the molecules within. MSNP pores have also been capped by gold nanoparticles through electrostatic interaction between the negatively charged MSNPs and gold nanoparticles functionalized with a cationic o-nitrobenzyl derivative. Irradiation with UV light (365 nm, 0.49 mW/cm 2 , 10 min) cleaved the o-nitrobenzyl groups so that the gold nanoparticles developed a negative charge. The resulting charge repulsion between the MSNPs and the gold nanoparticles upcapped the pores and released the anticancer drug paclitaxel [143] . In another example, single-stranded DNA attached to the pore outlets of MSNP were hybridized to single-stranded DNA which blocked the pores. That blocking DNA contained azobenzenes in the nucleic acid backbone of the complementary sequences. UV irradiation (365 nm, 6 W, 30 min) induced photoisomerization of the azobenzene moieties, which dehybridized the DNA strands, unblocked the pores, and allowed release of doxorubicin from the pores [144] . MSNPs have also been coated with a spiropyrancontaining amphiphilic copolymer, which made their release of doxorubicin phototriggerable (365 nm, 200 mW cm −2 , 20 min) [145] .
Photoresponsive MSNPs have been used for drug delivery in optically transparent zebrafish larvae ( Figure 9 ) [146] . MSNPs were functionalized with [2] rotaxanes consisting of an α-cyclodextrin (CD) ring threaded with a linear trans-azobenzene axle so that the α-CD ring was away from the pore outlet of MSNPs and did not block the pores, allowing the loading of drug molecules into the pores. Upon irradiation at 365 nm, the trans-to-cis isomerization of the azobenzene moiety moved the α-CD ring so that it blocked the pore. Heat and visible light irradiation both induced cis-to-trans isomerization of the azobenzene unit, unblocking the pores and allowing the release of encapsulated curcumin. The ability to phototrigger drug release was demonstrated with visible light irradiation (halogen 12 V, 100 W lamp, 40% of maximal intensity, 1 h) in zebrafish larvae.
Azobenzene derivatives that have one end tethered onto the pore surface of MSNPs can also control drug release by the "impeller" effect [147, 148] : when irradiated at a wavelength absorbed by both the trans and cis azobenzene isomers, trans-cis isomerizations occur simultaneously in both directions on the pore surface and result in the continual dynamic wagging of the untethered end of the azobenzene units. The azobenzene moiety then acts as an impeller and expels entrapped molecules from the pores. In another example, an azobenzene derivative and a two-photon fluorophore were both attached to the pore surface of MSNPs. Upon two-photon excitation in the NIR range, Förster resonance energy transfer (FRET) from the fluorophores to the azobenzenes triggered the reversible isomerization of the azobenzenes, which then acted as impellers [149] . Irradiation with a focused laser beam (760 nm, 900 mW/cm 2 , three scans of 1.57 s duration) triggered the release of camptothecin from the pores by the "impeller" effect, inducing cancer cell death.
Photoresponsive drug release from MSNPs has also been achieved by covalently conjugating drug molecules to their surfaces with a photocleavable group. For example, the anticancer drug chlorambucil was grafted onto the surface of MSNPs using a photolabile 7-amino-coumarin derivative as the linker [150] . Cleavage of the coumarin linker and release of the drug was triggered by irradiation with visible light (λ > 400 nm, 120 mW/cm 2 ) for 15 min. Cytotoxicity against HeLa and MCF-7 cells was enhanced by irradiation of the drugloaded MSNPs. This strategy can also be applied to other types of drug vehicles, such as nonporous silica nanoparticles [151] .
Upconverting nanoparticles
Upconverting nanoparticles (UCNPs), usually lanthanide-doped nanocrystals, can achieve the conversion of NIR to lower wavelength light (anti-Stokes wavelength conversion) [152, 153] . To increase the NIR absorption of UCNPs, Yb 3+ is often co-doped with other lanthanide ions (e.g. Er 3+ , Tm 3+ and Ho 3+ ) in NaYF 4 nanocrystals. The theory underlying the chemistry of UCNPs has been reviewed in detail [154] . These UCNPs can convert NIR light (usually 980 nm) to multiwavelength light in the UV-Visible-NIR region of the spectrum; the exact wavelength depends on the composition of dopant(s). The resulting UV/ visible light can conduct photochemical reactions on the surface of the UCNPs or within a polymer or silica shell surrounding them. Recently, there has been increasing interest in the development of UCNP-based nanomaterials for biomedical applications, such as biomedical imaging, photodynamic therapy and drug delivery [54, 153, [155] [156] [157] .
As an example of photocleavage of a compound from a UCNP, acetic acid was cleaved from 3′,5′-di(carboxymethoxy)benzoin acetate attached on NaYF 4 :Tm Yb@ NaYF 4 UCNPs by UV light upconverted from NIR irradiation (980 nm, 556 W/cm 2 ) [158] . Using a similar photochemistry, NaYF 4 :Tm Yb UCNPs incorporated into the core of photoresponsive micelles enabled 980 nm laser irradiation (5 W, 4 h) to disrupt the micelles by cleavage of a o-nitrobenzyl moiety [159] . The requirement for high irradiances should be noted in many studies of UCNPs. UCNPs have been used to release drugs as follows.
Release of conjugated drugs-Therapeutic molecules directly conjugated to UCNPs by photocleavable linkers can be released by the upconverted light. An o-nitrobenzyl derivative of the anticancer drug 5-fluorouracil was covalently conjugated to NaYF 4 :Tm Yb UCNPs [160] . Continuous irradiation with a 980 nm NIR laser (30 mW) for approximately 14 min cleaved the o-nitrobenzyl groups and released 5-fluorouracil. This approach could be applied to other therapeutic agents and different photocleavable groups.
Photorelease of active drugs from UCNPs can also be achieved by using a photoactivatable prodrug [161, 162] . For example, the UV-activatable platinum (IV) prodrug trans,trans,trans-[Pt(N 3 ) 2 (NH 3 )(py)(O 2 CCH 2 CH 2 COOH) 2 ] was conjugated to NaYF 4 :Tm Yb@ NaGdF 4 :Yb core-shell UCNPs coated with polyethylenimine ( Figure 10 ) [161] . Upon irradiation at 980 nm (2.5 W/cm 2 , total of 30 min), the UCNPs converted the NIR light to UV/visible light, activating the prodrug (trans-platinum (IV)) to the drug platinum (II) and enhancing release of the free drug. The NIR-irradiated UCNPs had better tumor growth inhibition efficacy than did UV-irradiated ones, presumably because NIR light can penetrate tissue more deeply than can UV light.
Release of physically loaded drugs-Therapeutic agents physically loaded into UCNP-based nanocarriers can be released by the conformational changes the carriers undergo upon NIR light irradiation. The anticancer drug doxorubicin was loaded into the pores of a mesoporous silica shell coating on NaYF4:Tm Yb@ NaYF4 UCNPs, where they remained bound by hydrogen bonding and electrostatic interaction with the MSNPs' surface silanol groups [163] . Azobenzene groups were tethered by one end to the surface of the silica pores. Upon irradiation with 980 nm NIR light, the UCNPs emitted both UV (350 nm) and visible light (450 nm) that caused reversible tran-cis photoisomerization of the azobenzene molecules. This continuous movement propelled the release of loaded doxorubicin in a controllable fashion by the "impeller" effect as discussed above. Such UCNPs loaded with doxorubicin showed enhanced toxicity against HeLa cells upon irradiation at 980 nm (2.4 W/cm 2 , 20 min). In a related approach, the isomerization between positively charged merocyanine and neutral spiropyran triggered by 980 nm light irradiation (0.5 W/cm 2 , 20 min total irradiation) has been used to release the entrapped negatively charged enzyme, β-galactosidase, from hollow NaYF 4 :Yb Er UCNPs into living cells [164] .
Irradiation of photocleavable moieties has been used to release siRNA [165] , doxorubicin [166] and dye molecules [167, 168] from UCNP-based nanosystems. For example, NaYF 4 :Tm Yb UCNPs were coated with a silica layer, which was further functionalized with a cationic alkyl amine via a photocleavable o-nitrobenzyl linker [165] . Negatively charged siRNA molecules were bound to the surface of the UCNPs by electrostatic interaction with the cationic alkyl amine. Upon 980 nm laser irradiation (5.6 W/cm 2 , 2 h), the upconverted UV light from UCNPs cleaved the o-nitrobenzyl-linked alkyl amine from the surface of the UCNPs, resulting in the release of siRNA inside HeLa cells, successfully silencing EGFP gene expression.
UCNPs have also been used to photoactivate prodrugs encapsulated within nanocarriers. Nanoparticles with a NaYF 4 :Tb Tm@NaLuF 4 UCNP core and a mesoporous silica shell were loaded with a prodrug of the cancer chemotherapeutic chlorambucil (Figure 11 ) [169] . The prodrug was more hydrophobic than the parent drug because of a photolabile aminocoumarin derivative and was therefore retained inside the shell. When the nanoparticles were irradiated with 980 nm NIR light, the UCNPs emitted UV light, which cleaved the coumarin group, triggering the release of the more hydrophilic chlorambucil. In vivo, irradiated (50 mW/cm 2 , 20 min per day for 16 days) nanoparticles significantly decreased the tumor size in mice.
Lanthanide-based UCNPs are interesting components of nanocarriers for phototriggered drug release, but several issues remain to be addressed. Their biocompatibility has been studied [170, 171] but there is no definitive conclusion on whether it is acceptable. The quantum yield of upconverting processes is relatively low (usually < 1%), which often necessitates high irradiances. Another challenge stems from the fact that most UCNPS are excited at 980 nm, where absorption by water attenuates transmission of power to the target and causes heating. Efforts have been made to improve the quantum yield of UCNPs and to make them excitable at different wavelengths (e.g. around 800 nm) [157, [172] [173] [174] .
Phototriggered targeting (phototargeting) of nanoparticles
Light can be used to determine the timing and specific location at which nanoparticles will bind to tissues, to improve efficacy and decrease toxicity. Proof-of-concept of phototargeting was provided by a nanoparticle whose surface was decorated with a peptide ligand (YIGSR), and which was inactivated by caging with a photocleavable group, 4,5-dimethoxy-2-nitrobenzyl (DMNB) [175] . In the absence of light, the nanoparticles would not bind to cells, but when irradiated at 365 nm, the DMNB group was cleaved from the YIGSR, allowing the nanoparticles to bind to cells bearing integrin β1, the target for YIGSR. Since integrin β1 is widely distributed on many cell types throughout the body, this approach could in theory allow nanoparticles to bind specifically to any tissues that can be irradiated. This approach also has the advantage over conventional ligand-targeted nanotherapies of not requiring a tissue-specific ligand, or even of not requiring knowledge of a tissue-specific disease marker.
Phototriggered targeting of nanoparticles has been applied with other ligands, such as cellpenetrating peptides [176] and folic acid [177, 178] . Phototriggered targeting has also been demonstrated in vivo (Figure 12 ) [178] with UCNPs that convert NIR to UV light. The ligand, folic acid, was caged with a photocleavable o-nitrobenzyl group and conjugated to UCNPs via a PEG linker. Upon irradiation with a 980 nm laser, the UCNPs emitted UV light (360 nm), cleaving the caging group and revealing the folic acid which could then bind to cells expressing folate receptors. Doxorubicin could also be bound to the surface of the UCNPs with a disulfide bond that could be cleaved by lysosomal enzymes in cells. The UCNPs were administered intravenously to tumor-bearing mice. Irradiated tumors (980 nm, 1.8 W/cm 2 , 1 h) showed more UCNP accumulation and enhanced tumor inhibition compared to those without irradiation.
In the examples above, the caging groups were required to bind directly to the functional sites of the ligands in order to deactivate them. Another strategy is to position ligands in such a manner that the particle surface architecture prevents them from interacting with their targets on the cell surface. For example, the surfaces of liposomes were modified with a construct wherein a cell penetrating peptide was flanked by a PEG chain on one side and a photocleavable o-nitrobenzyl group on the other, and by alkyl chains on both sides beyond them [179] . In the liposome membrane, the construct took on a looped structure with the alkyl chains embedded in the lipid bilayer and the PEG preventing the peptide from interacting with target cells. Irradiation with a UV lamp cleaved the o-nitrobenzyl moiety, exposing the peptide still tethered to the particle surface by PEG. Biotin ligands on polymeric nanoparticles have been controlled by UV light by a similar strategy [180] .
NIR irradiation of gold nanoshells can also be used to recover the function of surface-bound ligands blocked by steric hindrance [181] . YIGSR peptides were bound to the surface of silica core-gold shell nanoparticles but were prevented from binding to cells by a coating of thermoresponsive pNIPAAm-co-pAAm copolymer that had a longer chain than the peptide. Upon NIR irradiation (808 nm, 1.2 W/cm 2 , 4 min), the gold nanoshells heated up, which caused the collapse of the copolymer and exposure of the peptide, allowing cell binding.
Opportunities and challenges
The idea that light-directed therapies could be used in humans has been validated by the nascent clinical use of plasmonic nanoparticles for photothermal therapy [182] , and of liposomes for localized photodynamic therapy [77] . Translation of photoresponsive nanoparticles would enable precise targeted delivery [175, 178, 181] and on-demand release of therapeutics [16, 42] . The ability to spatially and temporally control drug release kinetics could potentially decrease in vivo drug toxicity and increase therapeutic efficacy, i.e., improve the therapeutic index.
Light can also be used in combination with other stimuli such as pH [95] [183], temperature [184, 185] , and redox potential [186, 187] . The various stimulus combinations can be designed in systems where all stimuli are needed to trigger cargo release [183, 186] or where one of the stimuli can activate the release [187] . In addition to combining different stimuli, phototriggered drug release can be designed in a wavelength-selective manner [188] , where irradiation of certain wavelengths can trigger the release of specific drugs in a multi-drug depot.
Further development of the properties of photoresponsive molecules will enhance the applicability of these drug delivery systems. For example, having higher quantum yields and better absorption at wavelengths in the NIR window could reduce the irradiance and time required to achieve a given effect. This would benefit the practicality and effectiveness of the systems and reduce their potential light toxicity. The latter -the potential for burns -is a serious limitation to translation. (Note that the temperature at the nanoparticle surface is not necessarily the problem here, it is the bulk heating of tissue.) In that regard, it would be helpful if more studies addressed what the expected effects on living creatures would be of the energies required to trigger the particles described. (In fact, important technical details regarding the light used for photoactivation (e.g., wavelength and irradiance) are frequently reported in an incomplete manner, making difficult the assessment of their phototoxicity and of their practicality compared to other formulations.)
In a related vein, it would undoubtedly be helpful to have more reports of the use of these systems in vivo, where they may not work as well as they did in vitro, especially when not assisted by EPR and similar phenomena.
For clinical applications, the light source that serves as the external stimulus should be easy to use, reliable, affordable, and -ideally -readily portable. It is hoped that advances in laser technology will meet those criteria. Advances in optical fiber technology will enhance the ability to provide light endoscopically deep within the body [189] .
Despite the promising potential of light-responsive drug delivery in nanomedicine, much remains to be done. The biocompatibility of many of the photoresponsive moieties or materials incorporated in nanocarriers has not been studied systematically. It is important to thoroughly evaluate the safety of the all components of the drug delivery system, including the drugs to be delivered, locally and systemically [16, 190] .
Nanoparticles that respond to UV or visible light may be limited in application due to poor tissue penetration (advances in endoscopy notwithstanding). UCNPs and other approaches that convert NIR light to light of shorter wavelengths may make it possible to use such systems. However, the development of UCNPs for biomedical application is still at an early stage. Further improvements are needed on properties such as quantum yield, tunable excitation wavelengths, and tunable sizes. Their biocompatibility needs to be better understood.
It will also be important to improve the materials of which photoresponsive materials are made. For example, thermosensitive polymers that undergo a greater phase change in response to a given increment in temperature, and/or more efficient means of coupling thermosensitive materials to the plasmonic nanoparticles that heat them will reduce the irradiance needed to trigger drug delivery or targeting. Such improvements may affect nanoparticle performance and enhance safety by reducing the probability of thermal injury.
There are many technical difficulties to be addressed, such as minimizing release from the nanoparticles when they are not triggered (i.e., in the off-state), achieving repeated drug release with repeated irradiation, and minimizing non-specific binding to tissues. One practical problem is a byproduct of one of the strengths of photoresponsive systems: that the treatments are preferentially triggered at specific locations selected by a human operator of a light source. This can be disadvantageous if the location of the target tissue is not known (e.g., metastases). It is therefore likely that these technologies will become paired with imaging modalities to help with target acquisition.
Although the field of photoresponsive nanoparticles is still in its infancy, there has been a lot of progress in many topics that will facilitate future improvements. It is likely that progress will accelerate as advances are made in related fields, as discussed above. Absorption spectra of the main chromophores in human tissue. The NIR window is bracketed by light absorption by hemoglobin (<650 nm) and water (>900 nm). Reprinted by permission from Macmillan Publishers Ltd: Nature Biotechnology [29] , copyright 2001. Schematic of some organic and inorganic nanoparticles that have been developed as photoresponsive drug vehicles Photoresponsive gold nanocage. Upon exposure to NIR light, optical energy is converted to heat by the gold nanocage, inducing the collapse of the thermo-responsive polymers the opening of the pores, and the release of encapsulated cargo. When light is turned off, the system cools down to physiological temperature, at which the polymers revert back to their original extended conformation and drug release ceases. Reprinted by permission from Macmillan Publishers Ltd: Nature Materials [65] , copyright 2009. Light-triggered release from a thermoresponsive liposome coated with gold nanoparticles. Upon irradiation with 760 nm light, the plasmonic photothermal effect induces local heating, which releases encapsulated cargo from the liposome. Adapted with permission from [88] . Copyright 2012 American Chemical Society. Spiropyran-based photoswitchable nanoparticle (NP). Upon UV irradiation, the hydrophobic alkyl-spiropyran (SP-C9) molecules are isomerized to charged alkyl merocyanine (MC-C9) and the nanoparticle shrinks. The reaction reverses in darkness or after irradiation with visible light (500 nm -600 nm). Reprinted with permission from [101] . Copyright 2012 American Chemical Society. Schematic representation of a single MSNP pore reversibly blocked by a photoresponsive [2] rotaxane containing an α-CD ring and an azobenzene-contained axle. Adapted with permission from [146] . Copyright 2012 John Wiley and Sons. Schematic illustration of a UCNP conjugated with the prodrug trans-platinum (IV), which becomes active platinum (II) and is cleaved from the nanoparticle by the upconverted UV light. UCNP = upconverting nanoparticle. PEI = polyethylenimine. PEG = poly(ethylene glycol). Adapted with permission from [161] . Copyright 2013 American Chemical Society. Schematic illustration of a NIR-triggered UCNP-based drug delivery system. Photolysis of the hydrophobic prodrug by converted UV light generates the more hydrophilic drug chlorambucil, which is released. UCNP = upconverting nanoparticle. Adapted with permission from [169] . Copyright 2014 John Wiley and Sons. Phototargeted UCNP-based nanocarrier. The UCNP can convert NIR light to UV light, removing the cage group and activating the cell binding function of folic acid. UCNP = upconverting nanoparticle. PEG = poly(ethylene glycol). Adapted with permission from [178] . Copyright 2013 American Chemical Society.
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